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2Abstract
The equatorial Pacific is a region with strong negative feedbacks. Yet coupled GCMs have
exhibited a propensity to develop a significant SST bias in that region, suggesting an unrealistic
sensitivity in the coupled models to small energy flux errors that inevitably occur in the
individual model components. Could this “hypersensitivity” exhibited in a coupled model be due
to an underestimate of the strength of the negative feedbacks in this region?   With this suspicion,
the feedbacks in the equatorial Pacific in seven atmospheric GCMs (AGCMs) have been
quantified using the interannual variations in that region and compared with the corresponding
calculations from the observations. The seven AGCMs are:  the NCAR CAM1, the NCAR
CAM2,the NCAR CAM3, the NASA/NSIPP Atmospheric Model, the Hadley Center Model, the
GFDL AM2p10, and the GFDL AM2p12.  All the corresponding coupled runs of these seven
AGCMs have an excessive cold-tongue in the equatorial Pacific.
The net atmospheric feedback over the equatorial Pacific in the two GFDL models is found to be
comparable to the observed value.  All other models are found to have a weaker negative net
feedback from the atmosphere—a weaker regulating effect on the underlying SST than the real
atmosphere. A weaker negative feedback from the cloud albedo and a weaker negative feedback
from the atmospheric transport are the two leading contributors to the weaker regulating effect
from the model atmosphere. All models overestimate somewhat the positive feedback from
water vapor.   These results confirm the suspicion that an underestimate of negative feedbacks
from the atmosphere over the equatorial Pacific region is a prevalent problem. The results also
suggest, however, that a weaker regulatory effect from the atmosphere is unlikely solely
responsible for the “hypersensitivity” in all models.  The need to validate the feedbacks from the
ocean transport is therefore highlighted.
31.Introduction
The equatorial Pacific is a region with strong negative feedbacks. Ramanathan and Collins
(1991) first observed that a SST anomaly in the central Pacific triggers a negative response from
clouds—clouds reflect more (less) solar radiation back to space in response to a positive
(negative) SST changes.  They even postulated that this negative feedback of cloud albedo may
be a “thermostat” of the tropics. Subsequent studies point out the importance of the feedbacks
from the atmospheric and oceanic dynamics (Fu et al 1990, Wallace 1992, Pierrehumert 1995,
Sun and Liu 1996).  In an attempt to assess the relative importance of the cloud albedo feedback
and the feedback from dynamics, Sun and Trenberth (1998) used the best data available and
quantified the changes in the heat transport in the atmosphere and in the ocean associated with
the 1986-87 El Niño warming in addition to calculating the changes in the radiative fluxes. The
results show that the negative feedback from the cloud albedo is actually a smaller player
compared to the other two negative feedbacks in the equatorial Pacific region, namely the
feedback from the heat transport by the atmospheric circulation and the feedback from the
poleward heat transport by the ocean circulation. The negative feedback from the poleward
ocean heat transport is found to be twice as strong as the negative feedback from the atmospheric
transport. The latter is in turn twice as strong as the cloud albedo feedback. Against this
background, the prevalence of a profound bias in the central equatorial Pacific in coupled GCMs
is a surprise. To be sure, the lack of phytoplankton in the model ocean could lead to an
underestimate of the solar radiation absorbed by the ocean (Murtugudde et al. 2002). The lack of
sufficient vertical resolution of the ocean model may also lead to an excessive cooling of the
surface ocean (Stockdale et al. 1998). However, the fact that the excessive cold-tongue is mostly
4a problem of coupled models suggest that the errors in the energy fluxes in the individual
components of the coupled model are small. The question that is particularly puzzling to us is
that given the existence of a myriad of strong negative feedbacks, why the SST in this region,
when simulated by a coupled model, appears to be sensitive to small flux errors in the model
components? Could it be that the strength of one or more negative feedbacks in the model
underestimated? Or alternatively, could it be that the strength of one or more positive feedbacks
in the model is overestimated?
A preliminary attempt to answer these questions was made by Sun et al. (2003).  By examining
the response of radiative and dynamical fluxes to ENSO in the NCAR CCM3, they noted that the
negative feedback of cloud albedo is substantially underestimated in the model.  In further light
of some coupled experiments, they put forward the hypothesis that a weaker regulating effect
from the atmosphere may be a significant contributor to the development of an excessive cold-
tongue in the corresponding coupled model. The purpose of this study is to extend the same
analysis to six additional models whose corresponding coupled runs also have an excessive cold-
tongue in the equatorial Pacific. The almost ubiquitous presence of an excessive cold-tongue in
the equatorial Pacific in the coupled GCMs offers a unique opportunity to understand the causes
for this syndrome: a hypothesis developed in one model can be readily tested against other
models.
2. Methods
The study employs the same method of Sun et al. (2003). We use the surface warming associated
with El Niño as the forcing signal. We will then examine how radiative fluxes at the top of the
5atmosphere (TOA) and the vertically integrated transport of energy in the atmosphere vary in
relation to the underlying SST. We quantify the feedbacks by regressing the corresponding
fluxes to the SST.
The cloud and water vapor feedbacks in this paper are measured in the same way as that of Cess
and Potter (1988): water vapor feedback is equated with the change in the greenhouse effect in
the clear sky region, and the cloud feedbacks are equated with the corresponding changes in the
long-wave and short-wave cloud forcing.  These measures are not the same as the measures of
Wetherald and Manabe (1988) which use offline radiative transfer calculations to obtain the true
partial derivatives (Soden et al. 2004).  The measures of Cess and Potter (1988) tend to
overestimate the feedback from the greenhouse effect of water vapor and underestimate the
feedback from the greenhouse effect of clouds. However, provided the feedbacks in the models
are measured in the same way as in the observations, the errors revealed in the analysis are still
true errors in the models. The available radiation data measure the feedbacks of water vapor and
clouds on the ENSO time-scale in the form of Cess and Potter (1988). Also, the concern here is
more with the combined effect of water vapor and cloud feedbacks on the response in the net
surface heat flux into the ocean—the net atmospheric feedback—than with the accuracy in the
definition of individual feedbacks of water vapor and clouds, the distinctions between the
measures of Cess and Portter (1988) and Wetherald and Manabe (1988) of the individual
feedbacks of water vapor and clouds are considered less important.
The observational data comes from ERBE (Barkstrom et al. 1989)  and the NCEP reanalysis
(Trenberth et al. 2001). The model data are from the AMIP runs over the ERBE period. The
6AMIP runs have the observed, time-varying SST as the boundary conditions. Therefore, the
model atmosphere is subject to the same SST forcing as the real atmosphere.
The models that have been analyzed include (1) the NCAR CAM1 (Kiehl et al. 1998), (2) the
NCAR  CAM2 (Collins et al. 2003), (3) the NCAR CAM3 (Collins et al. 2004), (4) the NASA
NSIPP model (Chou and Suarez 1996, Suarez 1995), (5) the Hadley Center Model (Collins et al.
2001), (6) the GFDL AM2p10, and (7) the GFDL AM2p12 (Anderson et al. 2004). ( The GFDL
AM2p10 is an earlier version of the GFDL AM2p12. The main differences between the two
versions are in the use of boundary layer schemes and in the vertical layers. The AM2p10 uses
the boundary layer scheme of Mellor and Yamada (1974)  while the AM2p12 uses the boundary
layer scheme of  Lock et al. (2000). The AM2p12 has 24 vertical layers while the AM2p10 has
18 vertical layers).
 The seven models involve the use of four different schemes for most convection. The NCAR
models use the deep convection scheme by Zhang and McFarlane (1995) and the shallow
convection scheme by Hack (1994). The NASA NSIPP model and the two GFDL models use the
Relaxed Arakawa Schubert (RAS) scheme (Moorthi and Suarez 1992). The Hadley Center
model uses a mass-flux scheme  (Gregory 1990, Gregory and Rowntree 1990) that is based on
the bulk cloud model of Yanai et al. (1973). The seven models also have different vertical and
horizontal resolutions. The vertical resolutions vary from 18 layers (NCAR CAM1) to 34 layers
(NASA NSIPP). The horizontal resolutions vary from about 3.8oX2.5o in the Hadley Centre
model to 2.5oX2.0o in the GFDL and the NASA models. Despite the many differences in these
seven atmosphere models,  gauged by the meridional and zonal SST gradients over the equatorial
7Pacific, all their corresponding coupled models have an excessive cold-tongue over the central
equatorial Pacific (Fig. 1).
3. Results
The estimates of the feedbacks from these models over the central equatorial Pacific region
(150oE-250oE, 5oS-5oN) are summarized in Table 1.  The definition of the symbols and the
procedure of the calculations are the same as in Sun et al. (2003). 
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feedback from net surface heat flux into the ocean. Neglecting the heat storage in the
atmosphere, which is small (Sun 2000), 
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∂T Fa  by a constant—the rate of change of
the ocean’s surface emission with respect to SST.
With the exception of the two GFDL models, all other models underestimate the negative
feedback from the cloud albedo and the negative feedback from the atmospheric transport. The
underestimate in the cloud albedo appears to be particularly worrisome as this feedback in one of
these models has the opposite sign of the observed. The NCAR CAM2 differs from the observed
value in its simulation of the cloud albedo feedback by as much as 12.8 W/m2/K.  With the
exception of the two GFDL models, the underestimate of the strength of the negative feedback
from the atmospheric transport in these models are also significant.  The error ranges from 4.6
8W/m2/K in the Hadley Center model to 7.7 W/m2/K in the NCAR CAM3. All models
overestimate the positive feedback from water vapor. The error ranges from 15%--50%. The
GFDL AM2p10 has the smallest error in the simulation of the water vapor feedback while the
largest error is found in the Hadley Center model. Models also error on the estimate of the
feedback from the long-wave forcing of clouds, but they do not bias toward the same direction.
While the NCAR CCM3 (CAM1) overestimates the feedback from the long-wave forcing of
clouds by 3.7 W/m2/K, the NCAR CAM2 underestimates this feedback by 5.6 W/m2/K. The
underestimate of the feedback from the long-wave forcing of clouds in the Hadley Centre model
is also large (4.6 W/m2/K). The underestimate of the positive feedback from the long-wave
forcing of clouds in the NCAR CAM2, the NCAR CAM3, the NASA NSIPP model, and the
Hadley Centre model alleviates the effect of the errors on the net atmospheric feedback from the
underestimate of the cloud albedo feedback and the overestimate of the water vapor feedback.
Because of the underestimate of the negative feedbacks from the cloud short-wave forcing and
the atmospheric transport and to a less degree because of the overestimate of the positive
feedback from water vapor, the negative net atmospheric feedback in all other models except the
two GFDL models is underestimated over the region of concern. The results confirm the
suspicion that underestimating the strength of the negative feedbacks in the region of concern is
a prevalent problem in the climate models. The results from the GFDL models, however, are
very encouraging. The net atmospheric feedback in the two GFDL models is comparable to the
observed value. The improvements in the GFDL AM2p10 are not just from the improvements in
the cloud albedo feedback, but from the improvements in the feedback from the atmospheric
transport.  In fact, the simulation of all the individual feedbacks in the GFDL AM2p10 is closer
9to their corresponding observational estimate than the other models considered here. This
suggests that there may be one key process that the model needs to have it right. Once this
process is better estimated, simulation of other related processes then follows.
The horizontal pattern of the response in 
€ 
Ga to ENSO forcing from the models show remarkable
agreement with each other and with observations. Within the region of concern, the response of
€ 
Ga in the models is greater than in the real world grid-point by grid-point (Fig. 2).  It is therefore
tempting to suggest that the overestimate of 
€ 
∂
∂T Ga  in the equatorial Pacific in the models is
because these models are still too diffusive in the vertical (Sun and Held 1996). It is interesting
to note, however, that the AM2p12 overestimates 
€ 
∂
∂T Ga  more than the AM2p10 does even
though the latter is a version that has fewer vertical levels.  Ingram (2002) also noted that the
increases in the vertical resolution in the models do not result in a weaker water vapor feedback.
Four different cumulus parameterization schemes are used in the models analyzed here. The
overestimate of the water vapor feedback in all models is thus particularly puzzling.  One thing
that all the four parameterization schemes lack is the inclusion of the effect of sub-grid scale
variability. Whether the neglect of the effect of sub-grid scale variability makes the model




∂T Ga  between the two versions of the GFDL model raises another question of potential
interest: why the water vapor feedback in the model appears to be sensitive to the use of different
boundary layer schemes?
While the spatial patterns of the response of Ga, in different models are strikingly similar, there is
more variability in the response of Cl (Fig.3). The NASA model is particularly notable--the
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response of Cl in the equatorial central Pacific near the dateline (180
oE-140oW) is much weaker
than the observed (Fig. 3e). This equatorial minimum response splits the response of Cl to El
Nino warming into two parts, each of which has a maximum off the equator. The response of Cs
and the rainfall in the NASA NSIPP model also has this  “split pea” feature (Fig.4e and Fig.5e),
indicating a lack of response of convection in the central equatorial Pacific near the date line in
the model.  The lack of response of Da in the same region in the NASA model  (Fig. 6e) also
suggests a lack of response of convection in the central equatorial Pacific.
Contrasting the spatial patterns in the response of the cloud forcing (Fig.3 and Fig.4) with the
spatial patterns in the rainfall (Fig.5) confirms the impression that the leading source of errors in
the response of Cs may still be the most obvious: errors in the response of convection. The
rainfall responses in the equatorial central Pacific in the CAM2 and the CAM3 are the two
weakest, so are their responses in Cs. The improvement in the response in Cs in the Hadley center
and the GFDL model apparently follows the improvement in the response of convection.
However, the response of convection in the model does not have the same control over the
response of Cl: the Hadley Center model has a response in rainfall that is comparable to
observations, the response in Cl in the same model is only half of the value from observations.
Convection also has a less control over the response in Ga. For example, the rainfall in the
NCAR CAM2 and CAM3 is much weaker than that in CAM1, the response in Ga  in the NCAR
CAM2 and CAM3 is only slightly weaker than that in CAM1.
The three NCAR models and the NASA model are the models that have a poor simulation of the
response in 
€ 




lack of response on the equator near the date line region. The maximum response is located off
equator in these four models. These four models also have the poorest simulation of the response
of Cs. Interestingly, in the NCAR models, there does not appear to be a distinct lack of response
in precipitation over the central equatorial Pacific where there is a distinct lack of response in
€ 
Da .  The responses in the precipitation in the NCAR CAM2 and the NCAR CAM3, however, are
weak throughout the concerned region (Fig. 5c, d), which is consistent with the much weak
negative feedback from the atmospheric transport in the model shown in Table 1.
The impact of the errors in the aforementioned feedbacks on the response of the net surface
heating (Fs) is further shown in Fig. 7, which gives a basin-wide, and a more critical view of the
response of the model atmosphere. In four of the seven models (the NCAR CAM1, CAM2,
CAM3, and the NASA NSIPP, the response of the surface heating to El Nino warming in the
equatorial central Pacific (160oE-140oW) has the wrong sign. The response of Fs in the Hadley
Center model in the same region is near zero. The two GFDL models have adequate responses in
the equatorial central Pacific. One of them—the GFDL AM2p10-- suffers a significant
deficiency in the region east to about 120oW.  The negative response in the GFDL AM2p10 also
does not extend as far west as in the observations. The zonal extent of the response in the later
version of the GFDL model—the AM2p12—is improved, but the meridional extend of the
response is more confined. Still, the spatial pattern of the response of Fs in both the GFDL
models resembles the observed remarkably well.
Diagnosing the root causes of all the model deficiencies is beyond the scope of the present paper
and may require more sophisticated tools than simple regression analysis here.  The encouraging
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part of the present analysis is that it may not be a difficult task to have all the feedbacks right: the
GFDL AM2p10 provides an example. Whether this good agreement between the simulations by
the GFDL model and the observations is simply a luck or truly reflecting the fidelity of the
model to Nature needs to be further examined. The better agreement in the spatial pattern of all
the terms in the energy equation between the simulations by the GFDL AM2p10 and the
observations suggest that something critical has been done right with this model. With the
exception of the water vapor feedback, the improvements in the GFDL AM2p10 in the
simulation of the feedbacks appear to be stable to changes in the vertical resolution and the
boundary layer scheme. In any case, detailed diagnostic analysis of the differences between
GFDL AM2p10 and other models could provide more information on why the GFDL AM2p10
got the feedbacks right and why other models are more distant from the targets.
4. Discussion
On one hand, the results from this analysis highlight that it remains a difficult issue to simulate
the cloud and water vapor feedbacks over the equatorial Pacific by GCMs. Consistent with
earlier analyses, the errors in the cloud feedbacks are most protruding. The errors in the water
vapor feedback are also significant to call for renewed attention to the issue of water vapor
feedback.
 The concern with the cloud and water vapor feedback in the GCM is hardly new.  What’s
surprising from this analysis is that the majority of models tend to bias towards the same
direction in their simulations of the negative feedbacks in this region, namely, the short-wave
cloud forcing and the negative feedback from the atmospheric transport. Equally interesting is
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that the models also bias in the same direction in their simulation of the positive feedback from
water vapor. In fact, there is even more consistency with the simulation of the water vapor
feedback—all models overestimate the positive feedback from water vapor.  The tendency for
atmospheric models to overestimate the water vapor feedback has been noted before (Sun and
Held 1996, Sun et al. 2001) with the use of rawinsonde data. It is reassuring to see that satellite
data reveal the same tendency. Consistency among models is not a good argument for the fidelity
of the models to Nature. In the same vein, given the tendency of models to bias towards the same
direction, averaging over these models does not help with the reduction of the bias. The results
thus caution the use of the spread among models in their prediction of global warming as the true
bound of the uncertainty in predictions by the models. To be sure, the number of models
analyzed there is still limited.
Another suggestion from this analysis is that bias in the atmospheric feedback is unlikely the sole
cause of the excessive cold-tongue in the central equatorial Pacific. The simulation of the
atmospheric feedbacks in the GFDL AM2p10  is probably as close to the observed as one has
reasonably hoped, the corresponding coupled model still has an excessive cold-tongue (Fig. 1g).
The results highlight the need to look at the ocean feedbacks.  In light of the estimate of the
relative importance of the feedbacks from the atmospheric transport and the feedback from the
ocean transport by Sun and Trenberth (1998), the suggestion from the present analysis of an
important role of the ocean transport is not surprising, but reassuring. Whether the ocean
feedback in the coupled models is accurately estimated needs to be further examined. One way to
do so is to check the response of the surface wind stress to changes in the SST and then the
response of the ocean heat transport to the changes in the wind stress. The former can be
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assessed to some degree using the AMIP runs of the atmospheric GCMs. The obstacle for
carrying out this analysis immediately is the lack of good data for the tropical wind stress. The
limited satellite data (Liu 2002) has revealed severe deficiencies in the NCEP reanalysis, but the
satellite data are still too short for calculating feedbacks. The latter requires forced ocean
experiments from different groups using the same surface forcing. These forced ocean model
experiments are not yet available on the scale of the AMIP experiments. Nor is it clear whether
the accuracy of ocean heat transport data is sufficient to validate the results from the model
experiments.
Related to the assessment of the feedback from the ocean heat transport is the issue of
understanding the interaction between El Niño and the time-mean climate. The recent study by
Sun (2003), Sun et al. (2004), and Sun (2004) suggest that ENSO behaves as a heat-pump that
regulates the time-mean climate of the tropical Pacific. If ENSO in the models is not right, the
time-mean SST is unlikely right. Further study needs to delineate the role of the ocean feedback
in maintaining the mean climate or equivalently how ENSO equilibrates with the time-mean
climate of the tropical Pacific.
Underestimating the negative feedbacks in the central equatorial Pacific does not suggest that the
models overestimate global warming. The NCAR coupled model—the NCAR CCSM-- has been
found to have a lower sensitivity to increased CO2 forcing than the GFDL coupled model (Jeff
Kiehl, personal communication). Averaged globally, the feedback from shallow boundary layer
clouds in regions outside the equatorial Pacific may weigh heavily in determining the total
feedback of clouds. Also, the forcing due to increases in CO2 is also not the same as the El Niño
15
warming. Nonetheless, our confidence with the model predictions of global warming may have
to come from how well the model simulate the feedbacks on the shorter time-scales because it is
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Table Legends
Table 1: Atmospheric feedbacks over the equatorial Pacific (5oS-5oN, 150oE-270oE) from leading
climate models. See text for the definition of the symbols for the various feedbacks. The values
for these feedbacks were obtained through a linear regression using the interannual variations of
the SST and the corresponding fluxes over the equatorial Pacific.
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Figure Legends
Figure 1: Tropical Pacific SST from observations and seven coupled climate models. Shown are
annual mean conditions. The atmospheric components of the seven  coupled models are
respectively the NCAR CAM1, the NCAR CAM2, the NCAR CAM3, the NASA NSIPP
GCM, the Hadely Centre model, the GFDL AM2p10, and the GFDL AM2p12.
Figure 2: Response of the greenhoue effect of water vapor (Ga) to  El Niño warming. Show are
regression coefficents and they are obtained by linearly regressing the greenhouse effect
of water vapor at each grid point  on the SST averaged over the equatorial Pacific (5oS-
5oN, 150oE-250oE). The interannual variations of Ga over the ERBE period are used for
the calculations.
Figure 3: Response of the greenhouse effect of clouds (Cl) to El Niño warming. Show are
regression coefficents and they are obtained by linearly regressing the greenhouse effect
of clouds at each grid point  on the SST averaged over the equatorial Pacific (5oS-5oN,
150oE-250oE). The interannual variations of the concerned quantities over the ERBE
period are used for the calculations.
Figure 4: Response of the shortwave forcing of clouds (Cs) to El Niño warming. Show are
regression coefficents and they are obtained by linearly regressing the short-wave forcing
of clouds at each grid point  on the SST averaged over the equatorial Pacific (5oS-5oN,
150oE-250oE). The interannual variations of the concerned quantities over the ERBE
period are used for the calculations.
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Figure 5: Response of the precipitation to El Niño warming. Show are regression coefficents and
they are obtained by linearly regressing the precipitation  at each grid point  on the SST
averaged over the equatorial Pacific (5oS-5oN, 150oE-250oE). The interannual variations
of the concerned quantities over the ERBE period are used for the calculations. The
precipitation data are from Xie and Arkin (1996).
Figure 6: Response of the convergence of vertically integerated transport of energy by the
atmospheric circulations (Da) to El Niño warming. Show are regression coefficents and
they are obtained by linearly regressing the value of Da at each grid point on the SST
averaged over the equatorial Pacific (5oS-5oN, 150oE-250oE). The interannual variations
of the concerned quantities over the ERBE period are used for the calculations.
Figure 7: Response of the net surface heating (Fs) to El Niño warming. Show are regression
coefficents and they are obtained by linearly regressing the net surface heating at each
grid point  on the SST averaged over the equatorial Pacific (5oS-5oN, 150oE-250oE). The
interannual variations of the concerned quantities over the ERBE period are used for the
calculations. The data used for Fs  are the same as in Sun et al. (2003).
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